High aspect ratio, Zn doped copper oxide (Zn-CuO) nanofibers have been fabricated employing a newly designed electrospun coating unit using copper acetate, sodium hydroxide and polyethylene glycol in aqueous state. The prepared Zn doped copper oxide (Zn-CuO) nanofibers were sintered at 400°C, 500°C and 600°C separately and characterized using X-ray diffraction XRD, Fourier transformation infrared spectroscopy FT-IR, scanning electron microscopy SEM, energy dispersive spectroscopy EDS. The average crystallite size was in the range of 28 nm to 30 nm. Optical properties of Zn-CuO nanofibers were analyzed using UV-DRS studies which showed a blue shift in the absorption band. An increase in band gap with the increase in postannealing temperature was observed due to the blue shift in absorption edge of CuO causing enhanced photodegradation. The catalytic properties of the CuO nanofibers were tested using methylene blue in aqueous medium. The influences of parameters responsible for high photodegradation were optimized and the rate of the photodegradation process was calculated using photodegradation kinetics. The reusability test was conducted to find the stability of the fabricated Zn-CuO nanofibers.
Introduction
Large surface area, chemical stability and high electron mobility are notable characteristics of transition metal oxides at nanoscale. These properties are due to the quantization effect of bulk material into nanostructured compounds. Among transition metal oxide, CuO is a p-type semiconductor with a narrow band gap of 1.2 eV to 1.7 eV, widely used as a source of charge carriers [1] . It exists in two forms: as cuprous oxide Cu 2 O and cupric oxide CuO with excellent properties and promising applications in the field of lithium-ion electrode materials [2] , magnetic storage materials [3] , gas sensing [4] , photocatalysis [5] and solar cells [6] . The physical and chemical properties of nanostructured semiconductor materials are determined through their shape, size and dimensional morphology. * E-mail: tvenkatachalam@cit.edu.in Various strategies have been applied by researchers to optimize such structured compounds for potential applications. One of the most important factors which determines the morphology and causes changes in physical and chemical properties is the fabrication process. Doping is a tailoring method used for changing physicochemical properties of CuO metal oxide by dopants, such as Ce, Ni and Zn, etc. [7, 8] . Zn 2+ is chosen as an effective dopant since it has almost the same ionic radius and ionic states as Cu (Zn 2+ : 0.074 nm, Cu 2+ : 0.072 nm). As a result, Zn can easily be doped into CuO matrix and produce effective defects in the CuO nanostructures [9] . Post-annealing time is a commonly used optimizing parameter which can cause a change in oxidation state of copper resulting in the change of physical and chemical properties. Xi et al. [10] observed a change in size and morphology from microsphere to nanowires with an increase in post-annealing temperature Fabrication and characterization of Zn doped CuO nanofiber using newly designed nanofiber. . .
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in synthesized CuO nanowires using hydrothermal method. Sahay et al. [11] observed a change in crystallite size of CuO nanowires with an increase in post-annealing temperature and dwelling time using sol-gel method.
Many synthesizing techniques, hydrothermal [12] , electrochemical deposition [13] , sol-gel technology [14] and chemical vapour deposition [15] have been used for synthesis of CuO nanomaterials with controlled shape and size. Electrospinning is the most commonly explored method for synthesizing 1D nanostructured materials since it is the simplest, economical and most versatile technique for synthesizing nanofibers with various compositions, uniform diameter and significant length. Electrospinning is a process in which the high voltage is applied to a polymer droplet at the syringe needle tip. Charge built up over the droplet elongates it, which results in formation of a Taylor cone as soon as the charge overcomes the precursor solution surface tension [16] .
Large amount of synthetic organic dyes is used in textile, leather, cosmetics, plastics, food and pharmaceutical industries in dyeing process which consumes large amount of water in finishing process [17] [18] [19] [20] [21] [22] [23] . The wastewater containing the dyestuff is carcinogenic and mutagenic, is highly stable in light and contains bleaching agents, therefore it should be properly treated before entering into the living environment [24] [25] [26] [27] [28] [29] [30] [31] [32] . Among commonly used industrial dyes, methylene blue is considered as a predominant cationic dye used in major industries such as paper, textile, cotton, leather, silk, etc. These industrial effluents cause harmful effects to the plant species since they do not allow the light transmission to the root through wastewater causing disruption in the growth [33] [34] [35] [36] . Several methods have been employed for the removal of toxic dyes from wastewater. Adsorption is a widely used method but there are some disadvantages, such as production of secondary effluents and spent adsorbents [37] . Hence, an alternative to minimize the disadvantages faced in adsorption method is the dye effluent treatment which has to be both cost efficient and economical [38] [39] [40] .
Photocatalysis is considered to be the most effective and economical method used for treating textile dye effluents. Transition metal oxide Zn-CuO, when used as a photocatalyst, has the ability to produce OH • radicals which play an active role in the degradation of organic dyes.
In the present paper, Zn-CuO nanofiber was fabricated through electrospinning method using lab scale designed nanofiber generator unit. The fabricated Zn doped CuO nanofibers were characterized using spectral techniques to find out the surface/structural morphology, chemical composition and physical nature of this compound. The Zn-CuO nanofiber were annealed at different post-annealing temperatures 400°C, 500°C and 600°C separately. The so prepared Zn-CuO nanofibers were tested as a photocatalyst for the degradation of toxic organic dyes from wastewater in a photodegradation process. The process parameters were optimized and explained in detail. Langmuir-Hinshelwood (L-H) kinetics model was applied to the obtained experimental data, to find the nature, reaction rate and spontaneity of the process. In order to find the stability nature of the Zn-CuO nanofibers, recycling experiments were carried out.
Experimental

Preparation of CuO precursor solution
Sigma-Aldrich) and 1.2 g of sodium hydroxide (NaOH, Merck) were grinded separately in a mortar with a pestle. The obtained fine powders of acetate salts and sodium hydroxide were mixed with 3.6 mL of polyethylene glycol (PEG 400, Sigma-Aldrich) and made into a fine paste. The paste was washed repeatedly with distilled water under magnetic stirring and finally dried in ethanol medium. The obtained pale blue colored paste was sintered at 70°C in an oven for 2 h and annealed at 400°C, 500°C and 600°C separately for 2 h. The annealed Zn-CuO precursor samples were mixed separately with polyvinyl alcohol (PVA, Sigma-Aldrich) and used for the generation of Zn doped CuO nanofibers. 
Preparation of Zn doped CuO nanofibers
Zn doped CuO precursor was dissolved in ethanol and sonicated for 30 min to get a homogeneous solution. The homogeneous precursor solution was filled in a syringe (fiber producing unit) which was connected with a hypodermic needle (dia. 27) placed inside the designed nanofiber generator unit (Fig. 1) . The designed nanofiber generating unit consists of three major sections: (i) power supply unit based on a microcontroller unit able to generate 0 kV to 30 kV voltage between the needle and the collecting unit; (ii) nanofiber production unit, in which the spinneret solution is fed with a syringe and made to flow through the hypodermic needle to produce droplets. The needle is connected to the positive terminal and the collecting unit is connected to the negative terminal; (iii) nanofiber collector unit with the flow rate of 0.2 mL/h and applied field of 25 kV/cm; a distance of 8 cm is kept between the needle tip and the collector, the droplets formed at the tip of the needle ooze out which results in tailored cones and as a result nanofibers are deposited on four glass substrate plates. The fabricated nanofibers are then collected, covered with lids and subjected to characterization.
Characterization
The structural and morphological characterizations of the Zn-CuO nanofibers were carried out with X'Pert PRO, X-ray diffractometer using CuKα radiation (λ = 1.5406 Å). The surface morphological properties of the nanofibers were characterized using scanning electron microscope (JEOL, JSM) and energy dispersive EDX spectrometry. The optical properties of Zn-CuO nanofibers were studied by measuring UV-reflectance spectra with UV-Vis spectrophotometer (Shimadzu UV-2100) in the range between 200 nm and 800 nm. Fourier transformation analysis of Zn-CuO nanofibers was carried out with Thermal Nicolet 6700, NEXUS. The photoluminescence studies of the prepared Zn-CuO nanofibers were performed using a spectrometer (LABRAM 800) equipped with a He-Cd laser excitation source. The absorbance of methylene blue dye was measured using UV spectrophotometer (Shimadzu UV-3600).
Results and discussion
Characterization of Zn-CuO nanofibers
The XRD patterns of post-annealed Zn doped CuO nanofibers were recorded in the 2θ range of 10°to 80°and are presented in Fig. 2 . ( 1 1 3) correspond to the monoclinic structure of Zn doped CuO nanofibers (space group C 2 /c). With an increase in the post annealing temperature, the diffraction peaks get broadened due to the reduction of crystallite size of the Zn-CuO nanofiber. The crystallite sizes of the nanofiber were calculated using Scherrer equation:
where D is the crystallite size, λ is the wavelength (1.546 Å for Cukα), β is the full-width at halfmaximum (FWHM) of intensity peak after subtracting the equipment broadening and θ is the diffraction angle. The relation for strain is:
A graph showing crystallite size and lattice strain as a function of post-annealing temperature is shown in Fig. 3 . As expected, the lattice strain increases with a decrease in crystallite size of the Zn-CuO nanofiber. Furthermore, the sharp intense peaks at 2θ = 35.46°, 42.12°corresponding to Zn dopant addition grow higher with the increase in the post annealing temperature, indicating the incorporation of Zn 2+ into CuO lattice which corresponds to the JCPDS Card No. 41-1442. Since the atomic radii of Zn 2+ (0.074 Å) and Cu 2+ (0.073 Å) are very similar, hence Zn 2+ has been successfully incorporated without causing any changes to the parent CuO matrix. The crystallite sizes of postannealed Zn-CuO nanofibers were calculated using Scherrer equation and are presented in Table 1 , along with lattice strain and other parameters calculated from the XRD images.
The surface morphology of the post-annealed Zn-CuO nanofibers was analyzed using SEM micrographs presented in Fig. 4 Table 2 .
The FT-IR spectra of the post-annealed Zn-CuO nanofibers are presented in Fig. 5 .
From the observations, the band between 400 cm −1 to 700 cm −1 corresponds to the metal oxide bond [41] correspond to the C=C stretching frequency. These weak peaks show the presence of impurities present on the surface of the metal oxide nanofibers. The band observed between 900 cm −1 and 1500 cm −1 corresponds to the oxygen stretching and bending frequencies [42, 43] . No characteristic peaks are observed at 453 cm −1 for ZnO formation [44] which confirms the formation of Zn doped CuO nanofibers.
The optical properties of the Zn-CuO nanofibers were recorded in the wavelength range of 200 nm to 800 nm (Fig. 6) . Broad absorption peaks are observed around 261 nm, 263 nm and 267 nm for the samples of Zn-CuO post-annealed at 400°C, 500°C and 600°C, respectively and the corresponding cut-off wavelength occurs at 344 nm, 351 nm and 353 nm. The weak bands for corresponding Zn-CuO nanofibers appear at 679 nm (400°C), 676 nm (500°C) and 692 nm (600°C), respectively. The band gaps of the post-annealed Zn-CuO nanofibers were calculated using the equation:
where h is the Planck constant, c is the velocity of light and λ is the wavelength of the UV-Vis spectrum.
The band gap energy changed due to the post annealing causing a change in the grain size of the Zn-CuO nanofibers respectively. From the observations, the band gap of the post-annealed ZnCuO nanofibers increased with an increase in temperature. A blue shift was observed due to the quantum confinement of 1D nanostructured materials [45] . The calculated band gaps were found to be 1.86 eV, 1.94 eV and 1.98 eV at the post annealing temperatures of 400°C, 500°C and 600°C. These results are consistent with the effective mass theory (EMA). 
Photocatalytic studies
The photocatalytic reaction was performed using the Zn-CuO nanofiber post-annealed at 500°C, since it shows excellent properties deduced from the characterization analysis. The collector plate containing electrospun Zn-CuO nanofiber was suspended with the help of a holder inside the beaker containing 10 mg/L of methylene blue dye solution. The beaker was kept inside another vessel containing water flowing in and out continuously acting as a cooling chamber. The complete setup was placed upon a magnetic stirrer with a pellet placed inside the beaker containing the dye solution. A 125 V, high pressure mercury lamp was used as a source to enhance the photodegradation of the dye. The efficiency of the photodegradation of methylene blue dye using prepared Zn-CuO nanofiber was calculated with the absorbance measured using UV-Vis spectrophotometer (Shimadzu 3600) using the equation:
where C is the initial concentration and C o is the concentration of methylene blue dye solution at time t (mg/L).
Process optimization
The photocatalytic degradation of methylene blue dye was carried out at pH ranging from 4 to 9, with initial methylene blue dye concentration of 10 mg/L to 50 mg/L for a period of 180 min at 30 min regular time intervals. The experimental observations of optimization of pH and initial dye concentration are presented in Fig. 7 . Fig. 7 . Optimization of pH and initial dye concentration in methylene blue degradation process using Zn doped CuO nanofiber photocatalyst.
From the observations, it is clear that photodegradation efficiency is low at acidic pH but with gradual increase in pH, effective decolorization of the methylene blue dye was achieved at basic pH of 8. At basic pH, OH − radicals shall combine with the holes present in the photocatalyst surface, generating more and more OH − radicals. Since the OH − radicals are the most dominating oxidizing species in the photodegradation process, higher degradation of MB dye takes place at the basic medium [46] . Rapid degradation takes place initially but with an increase in dye concentration, the photodegradation efficiency decreases gradually. This is mainly due to the availability of free electrons from the Zn-CuO photocatalyst. But with an increase in dye concentration, the overcrowding of dye molecules around the photocatalyst makes the electron-hole transfer slow, resulting in slow photodegradation.
The time period required for the maximum degradation of methylene blue dye using Zn-CuO nanofiber was analyzed and presented in Fig. 8 .
The time period parameter optimization was carried out at pH = 8 in solution containing 10 mg/L of methylene blue dye. The photocatalytic experiment was conducted and solution was withdrawn at every 30 min time intervals, centrifuged (1000 rpm) and analyzed using UV-Vis spectrophotometer. A spectrum with a sharp peak at a wavelength of 664 nm was obtained. After every time interval, the intensity of the peak diminished, depicting the degradation of methylene blue dye. After 180 min, maximum degradation took place. The decrease in peak intensity was due to the interaction between the electrons generated by the Zn-CuO photocatalyst and the dye molecules present in the solution. Subsequent degradation of dye molecules was caused by the photocatalyst at a particular time, when no more dye molecules were available.
Photocatalytic kinetics
The photocatalytic activity of Zn doped CuO nanofiber was evaluated by calculating the rate of photodegradation of methylene blue dye. The light induced photodegradation of methylene blue dye follows first order kinetic model obeying Langmuir-Hinshelwood model [47, 48] . For better understanding of the photocatalytic reaction, kinetics of methylene blue dye degradation experiments were conducted. The degradation data were analyzed using pseudo-first order kinetic model [49] expressed by the equation:
where C and C o represent the concentration of methylene blue dye solution at time zero and t, and k is the pseudo-first order rate constant. A plot of − ln(C/Co) against time t is presented in Fig. 9 . The values of rate constant and correlation coefficient (R 2 ) were calculated and presented in Table 3 .
The effect of addition of Zn dopant into the CuO matrix resulted in the production of electronhole pair and after reacting with sufficient amount of chemical elements, the hydroxyl group ions got converted into superoxy radicals O
•− 2 and hydroxyl OH • radicals which effectively supressed the recombination of electron-hole pairs. The excessive negative potential in the conduction band causes the electrons to reduce the molecular oxygen to superoxide radicals and the excessive positive potential present in the valence band causes the holes to directly react with the water to yield hydroxyl radicals or degrades the methylene blue dye directly. The hydroxide radicals have an ability to oxidize dye molecules or generate electron-hole pair [50] .
Reusability test
The reusability test of the Zn-CuO nanofiber was performed to assess cost-effectiveness of the photodegradation system. For each experiment, the Zn-CuO photocatalyst was used with a freshly prepared methylene blue dye solution. The observations are presented in Fig. 10 .
The Zn-CuO nanofiber was found to be stable up to four consecutive cycles and slowly lost its properties. This was due to the limited stability and slow oxidation potential of the photocatalyst employed [51] . The reusability results showed the practical applicability of the Zn-CuO nanofiber which was found to be effective due to the molecular integrity of the co-doped sample and stability of the catalyst.
Conclusions
In summary, the Zn-CuO precursors postannealed at different temperatures (400°C, 500°C and 600°C) were electrospun onto nanofibers using the designed nanofiber generator. The effect of post-annealing temperature on the formation of nanofibers was analyzed. It was observed that the crystallite size of the nanofiber decreased with an increase in the-post annealing temperature. From the spectral characterization results it was stated that the incorporation of Zn 2+ into CuO matrix resulted in the formation of spherically-shaped nanostructured material of 30 nm average crystallite size. The optical study showed that incorporation of Zn into CuO matrix caused an increase in the band gap, whose value raised also with an increase in the post-annealing temperature. A blue shift was observed in the absorption band, enhancing photocatalytic activity. The highly ordered Zn-CuO nanofiber was employed for the photocatalytic studies. Maximum methylene blue degradation was achieved with 10 ppm of methylene blue solution at pH 8 in 180 min. Reaction kinetics was employed to study the role of Zn-CuO nanofiber 528 RAMASAMY GOPALSAMY SETHURAMAN et al. as a photocatalyst for effective photodegradation process. Reusability test was performed and stability up to four consecutive cycles was found. To sum up, we have fabricated Zn-CuO nanofibers which can be effectively used in environmental applications.
